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Egeria densa (PLANCH.) ST. JOHN, a submerged plant invader, forms a wide 
submerged plant zone, particularly along the west coast of the south 
basin, Lake Biwa. The macrophyte occupies over 82% of the plant zone 
in the basin and its biomass reaches 93% of the total. The estimated 
annual net production was approximately 1 kg dry wt./m2 in a dense area, 
which is about 4.5 times as much as the net production by phytoplankton 
in an offshore area of the basin. Although the area covered by the 
macrophyte is only 5.8% of the total of the basin, it produced about 
one-tenth of the total annual primary production. In the most productive 
season Egeria produced 46% of the total primary productivity. Thus, the 
macrophyte never be neglected when one considers the energy flow or 
material circulation in the basin. 
Invasion by Elodea nutallii (PLANCH.) ST. JOHN into Lake Biwa was first 
observed in 1961. It spread all over the north basin in 1964 and reached the south 
basin in a short time. In the 1970's Egeria densa (PLANCH.) ST. JOHN was seen 
growing in the bay of the south basin. This species also spread rapidly and at 
present a large stand has formed, mainly on the western coast of the south basin. 
Establishment of the E. densa colonies brought about a radical change in 
the conditions of the coastal regions within a few years. For one thing, it took 
over the major role of production from phytoplankton because of its large standing 
crop throughout the year and high photosynthetic capacity. It also changed the 
distribution of organic materials and primary productivity in the south basin by 
creating a large store of organic materials in the coastal area. For another, 
E. densa colonies provided a vast amount of new space which animals can utilize as 
their habitats. The surface area available in the water column above 1 m2 of 
substratum reached 15 to 30m2, so the animals which attach themselves to the 
plants' body or prefer the space created by plants were supplied with new habitats. 
As a result, the animal community there has become rich and complicated compared 
with the previous situation in which only a water column existed above the substratum. 
This study was initiated in order to clarify the role of submerged macrophytes, 
particularly E. densa, in Lake Biwa. The following points are reported in this paper: 
the distribution of macrophytes in the south basin; seasonal change in standing crop 
of E. densa; seasonal change in values related to production, utilizing a model 
proposed by Ikushima with its parameters experimentally determined. 
The authors are indebted to Mr Kawakita, Mr Iwasa, Mr Kawabata and Mr Ueda, 
in the course of this study. We wish to express our thanks to all of them and to 
the staff of the Otsu Hydrobiological Station. 
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Survey on the Distribution of Macrophytes 
Several methods were used to complement each other. Aerial photographs were 
taken with colour films in November 1974, from such an altitude that the scale on 
a photo would be 1/50000. The estimation of the colonized area by this method turned 
out to be more effective than expected, though the margins on the off-shore side 
were difficult to see because of the low density of the plants. In order to compensate 
for this, a diving survey was conducted at 28 localities around the south basin in 
March 1975. At each -locality, water depth, macrophyte species, height of plants, 
degree of cover were checked at five to ten points along a line at right angles 
to the shore. 
Seasonal Change in Standing Crop 
Standing crop was estimated of a stand of E. densa within an area of 
protected water in front of the Station, where water depth was 1.5-2.0 m. Five 
samples were taken monthly by means of a quadrat measuring 50 cm x 50 cm, with 
a bag made of curtain cloth attached for covering the whole stand, and another 
quadrat of the same size with a fine net for lifting up the whole plants including 
roots. Height of the plants was measured at the same time. 
Some of the samples were divided into strata, in order to give some information 
on the study of the community structure. All the samples were air-dried and, before 
weighing, dried again with heated air at 80 C for 24 hours. Part of the samples thus 
treated was used for measuring carbon and nitrogen contents by CHN analyser (Yanaco 
Model MT2). Little change was seen in these contents throughout the year, 29% and 
3.5% respectively, in terms of dry weight. 
Rates of Photosynthesis and Respiration 
Winkler's method was employed for measuring these rates. Lake water, the oxygen 
concentration of which was adjusted to around 50% by nitrogen gas, was put into the 
Winkler bottle. A sample of E. densa (20-50 mg dry wt) was put in each bottle and 
kept in one of a series of aquaria with illumination up to 30-50 klux, for one to 
two hours. The difference from the control in the concentration of oxygen was 
measured by titration. 
This procedure was repeated ten times in a year at approximately the same water 
temperature as observed in the field. The rate of respiration was estimated by means 
of oxygen bottles containing E. densa and covered with aluminium foil. Change in 
dry weight was calculated as follows, using the value of oxygen concentration 
previously obtained. Assuming the photosynthetic quotient and respiratory quotient 
to be equal to unity, 
02/C = 2.67 
Since the carbon content of the living body is 29% throughout the year, 
1 mg 02/2.67 x 100/29 
= 1 mg 02 x 1.29 
= 1 mg dry weight 
Light Conditions 
Light conditions at various depths within a stand are determined by the 
absorption of light by the body of water above and within a stand and the plants 
themselves. Absorbancy of water was measured in the field. 
According to Owens et al. (1967), the intensity of light within a stand 
of submerged macrophytes decreases as its biomass increases and absorbancy by 
plants is proportional to their density. Thus the relationship between density 
and absorbancy was estimated by the decrease in illumination recorded at the bottom 
of column-shaped aquaria which were covered with dark paper on their sides and 
illuminated from above, each of which contained E. densa at various densities. 
The number of fine days in a month was calculated by dividing the monthly 
total sunlight hours by the average day length of that month minus 1.5 hours 
(the sun is hidden behind mountains early in the morning and late in the afternoon), 
as recorded at the Hikone Meteorological Station in Kusatsu, five kilometres east 
of the study area. The rest of the month was taken as cloudy or rainy (Table 2). 
Cumulative illumination at the water surface on a fine day changes from one 
season to another. Radiation [total direct irradiance] pier day was taken from 
Hutchinson (1957), assuming that Lake Biwa lies at around 35 N. Sverdrup et al. 
(1942) states that radiation [irradiance] and illumination [(lux)] are directly 
proportional to each other, so monthly cumulative radiation [irradiance and 
illumination] was estimated by extrapolating [in proportion to] the data obtained 
in August and December (Table 2, Fig. 1). 
Water Temperature 
Monthly average of the surface water temperature measured daily at 10:00 a.m. 
near the Otsu Hydrobiological Station was used as the water temperature of the 
respective month (Table 2). 
Results 
Distributions and Standing Crop of Submerged Macrophytes 
An area as large as 327 ha, or 5.8% of the total area of the south basin, 
was occupied by submerged macrophytes among which E. densa was absolutely dominant, 
covering 82%. Although this species did not occur uniformly over the whole basin, 
it formed a massive stand on the western side of the basin. The same pattern of 
distribution was seen in Elodea nuttallii, though on a smaller scale. Surprisingly 
enough, these two species did not occur at all on the eastern shore except around 
the Great Bridge and inside the Kitayamada Bay, where instead endemic species 
such as Vallisneria denseserrulata, V. asiatica var. biwaensis, Hydrilla verticillata, 
Potamogeton maachianus, P. crispus, Najas major and N. minor prevailed. These species, 
however, occupy only a little more than 10% of the plant area (Table 1). 
Ikushima (1966a) estimated the total area occupied by macrophytes in the 
south basin as 60.2 ha, which amounts to only 18% of the present estimate, suggesting 
the widening distribution of waterweeds. 
Standing crop of E. densa at its highest density is roughly estimated as ca. 
300 g dry wt/m2 (Table 3), at its lowest density 30 g/m2 and that of E. nuttallii, 
200 g/m2 and 20 g/m2, respectively. Taking an average of 50 g/m2 for other species 
of waterweeds, the total standing crop of macrophytes in the south basin is then 
estimated as 620 tonnes dry weight, of which 93% (577 t) is E. densa. 
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Dominance by E. densa is of recent origin and the survey conducted by 
Shiga Fisheries Laboratory (1972) in 1969 revealed that E. nuttallii was dominant, 
with its standing crop being approximately the same as that of E. densa in the 
present study (Table 1). Therefore, severe competition must have taken place 
between two species in the course of the last five years and consequently, such 
a drastic change brought about. 
Because of its characteristically large standing crop, E. densa can be a 
huge store of organic materials when it occurs over a wide area. In order to 
illustrate this point, we will consider the nitrogen budget of the south basin 
as a whole. According to Itasaka (pers. comm.), the average concentration of 
total nitrogen is 0.4 ppm and the total amount suspended in water is ca. 80 t. 
On the other hand, ca. 21 t of nitrogen are stored in the bodies of submerged 
macrophytes (Table 1). In other words they possess more than 20% of nitrogen in 
the south basin, though they occupy only 5.8% in area, indicating the importance 
of submerged macrophytes, especially E. densa, in this ecosystem. 
The Rate of Production 
Ikushima (1970) proposed the following model for the gross production of 
macrophytes: 
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where Pg is the daily gross production (mg 02/m2.day);p the density of a stand 
of waterweeds; a and b are coefficients of the seasonal photosynthesis-light 
equation, p = b I/(1 + aI) (mg 02/g dry wt. hour); D the day length; Aw absorption 
[vertical attenuation] coefficient of the water (the values above and inside the 
stand were assumed to be equal); Ac absorption [vertical attenuation] coefficient 
inside the stand, due to both water and plants (Aw + Ap); I max the cumulative 
illumination on a fine day; Z the depth from the water surface to the top of the 
stand. 
This model is applicable to stands which are vertically homogeneous in quality. 
Z1, Z2 and p were obtained from the monthly field survey. I max was calculated 
as stated in METHOD. Ap = 0.0152p was obtained by regressing the experimental values. 
Aw was approximated to be 0.5, because of its slight variation throughout the year. 
Since the photosynthesis-light curve is dependent on the species of waterweed, 
site, environmental conditions and above all, water temperature, the curve was 
determined seasonally with a sample of plant cut from the tip and 10 cm in length. 
Coefficients a and b were obtained as stated below. 
b was obtained as the slope of the photosynthesis-light curve, so b = 1.0 
(mg 02/g dry wt. hour . klux) in November, December and January, b = 2.0 in February, 
July, August, September and October, b = 4.0 in March, April, May and June (Fig. 2). 
Ikushima (1970) reported b for several species of submerged macrophytes, which ranged 
between 0.9 and 6.4, depending on species, season and habitat. The value obtained in 
the present study is also within this range. 
Maximum gross productions in different seasons were plotted against temperature 
(Fig. 3). They increase rapidly to ca. 25 C with rising temperature and decrease 
thereafter. Therefore the optimum temperature for photosynthesis is considered to 
lie around 25 C, which may be the temperature to which E. densa was exposed in its 
original habitat, though little has been understood about this point. The following 
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equation was obtained by curvilinear regression up to the points lying around 
25°C: 
P max = 0.812 exp (0.0989T) 
where T is water temperature in centigrade. This P max is approximately b/a, so 
it is possible to calculate a from P max and b, which has previously been obtained. 
Although density p is different according to seasons and strata as shown in 
Fig. 4, the within-stand density was taken as constant regardless of the top-
bottom strata. This is because little difference in quantity of the daily production 
was seen among stands with different structural characteristics when the weight of 
leaves and stems accumulated in the uppermost layer of a stand did not exceed 
400 g dry wt./m2. During the period of this study the standing crop of E. densa 
was 200 ~ 400 g dry wt/m2, less than the above figure. 
Productivity and temperature were those obtained for the upper layer of a 
stand, considering the fact that the lower layer contributed little to the total 
production. 
Daily gross production on fine days was calculated with above-mentioned 
values and I max/2 was taken as an average for cloudy and rainy days (Tables 2, 
3). 
Respiration rate is no less influenced by temperature than photosynthesis. 
Black dots in Fig. 3 show the rate of respiration y (mg 02/g dry wt. hour) at 
various temperatures in different seasons. To these points a power function was 
fitted as in the figure. 
Y = 0.118 exp (0.0962T) 
Daily respiration R (mg 02/m2 day) of a stand of waterweeds was calculated 
using the standing crop C (g dry wt/m2), in 
R = 24 C.Y 
The value thus obtained may be an overestimate, judging from the estimates 
of gross and net productions in the field from September to December. Respiration 
is decreased by the extremely low concentration of dissolved oxygen inside a 
dense stand during the last half of the night and by the low respiration rate of 
the lower parts of the plants. In addition, water temperature in the lower layer 
of a stand becomes three to four degrees below that in the upper layer. Taking all 
these into consideration, 0;8R was used empirically as the respiration of a stand 
of waterweeds (Table 3). 
Daily net productions on both fine and cloudy days are shown in Table 3. Gross 
production increases [is high?] from May to September whereas net production is 
[only high?] in May and June. This is due to high water temperature in summer which 
accelerates respiration and leads to negative value of net production, even on fine 
days, in August. Net production is almost nil in February and from September to 
January. It is noted that considerably high values were obtained in early summer. 
Monthly gross and net productions are shown in Table 4. These were calculated 
by multiplying [the appropriate] daily gross and net productions by the numbers of 
fine and cloudy days. Increment in standing crop and loss (mainly parts washed 
off as well as those dead or consumed by animals) are also shown. 
Monthly gross production is high during May ~ September and reaches 600 g 
dry wt/m2 for [the month of] June, roughly three times the standing crop. Net 
production also reaches the maximum of 415 g dry wt/m2, twice as much as the 
standing crop, in June. Little change in standing crop, however, indicates that 
approximately the same amount as that of net production is either transferred 
out of the stand or deposited as dead. This is in agreement with the observation 
that washing-off from waterweeds is most visible and extensive in early summer. 
Annual gross production is about 3,200 g dry wt/m2, ten times as much as 
the average standing crop, of which two thirds is consumed through respiration. 
Annual net production is ca. 1,000 g dry wt/m2 and there is probably the same 
amount of loss as stated above. 
In the case of stands with low densities, standing crop is ca. 30 g dry wt/m2, 
a tenth of that in dense stands. Although net production per unit area is about one 
fifth of that of high-density stands, due to better penetration of light, low-
density stands, which occur where the depth is more than three or four metres, 
contribute little to the total production in the south basin because of the small 
area covered by this type of stand compared with dense ones. Annual gross and net 
productions in the south basin as a whole are presented in terms of dry weight, 
nitrogen and carbon (Table 5). 
It is considered that the total amount of nitrogen flowing into the south 
basin is about 1,000 tons in a year, whereas it has been revealed that 220 tons 
of nitrogen is grossly produced by E. densa. [?] This means that 22% of nitrogen 
flowing into the lake passes through E. densa, indicating the significant function 
of this plant in the cycling of materials in the south basin. 
Discussion 
The method employed in the present study for estimating the production rates 
gave ca. 1,000 g dry wt/m2 as the annual net production and 13.8 g dry wt/m2 as 
the daily net production in June, the time when productivity reaches its maximum. 
Table 6 compares these values with those reported by other workers. 
Ikushima (1966a) reported 1,200 g dry wt/m2 as the production rate of Elodea 
nuttallii from the beginning of April to the end of June, the period in which 
productivity is high. This is higher than the present estimate of 854 g dry wt/m2 
for E. densa. Estimates obtained in India for different species of submerged 
macrophytes are all low and possibly underestimated, because increment in standing 
crop was simply taken as the net production, excluding the loss by death and washing-
off. In fact, an amount equivalent to the net production is being washed-off or 
dying at the time when production is highest in the stands of E. densa in Lake Biwa. 
Ikushima (1966b) also reported that there was considerable loss from the stands of 
Vallisneria denseserrulata. 
The large value for E. nuttallii in the north basin (Ikushima 1966) is perhaps 
due to the specific characteristics of this plant, although the data give no reliable 
comparison because of difference in localities studied. Westlake (1965) reported the 
annual net production as 400 ~ 2,000 g dry wt/m2 by submerged macrophytes in lakes. 
The present estimate for E. densa is within this range and considered as reasonable. 
In comparison with limnetie planktonic communities, stands of E. densa possess 
much higher productivity per unit area. Saijo et al. (1966) estimated the net 
production by phytoplankton in the south basin as 230 g dry wt/m2/year, less than a 
fourth of that attained by E. densa, and Westlake (1965) suggested 100 ~ 900 g/m2 by 
phytoplankton in lakes. 
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In the high productivity season, the net production rate of E. nuttallii 
(Ikushima 1966a) is close to that of E. densa in the present study, being ten 
times or more higher than that of phyoplankton (Table 6). During the period 
of active production, submerged macrophytes are thought to exert immense influence 
over a lake in which a considerably large area is occupied by them. 
There is one problem in the method used as regards nutrients, since the 
production model is based on the assumption that nutrients are not a limiting 
factor. It is possible, however, that the supply of nutrients becomes insufficient 
when a stand gets so dense that the movement of water in and out is hindered. This 
situation can be seen around June when E. densa forms a dense zone of some hundreds 
metres wide with the tips of plants coming right up to the water surface. 
Ikushima (1966a) obtained the similar production rate by Elodea nuttallii in 
the north basin. In this case, however, there may have been little difficulty in 
receiving nutrients from outside the stands because of their different structural 
characteristics. 
Miura et al. (1976) suggested, from their study on the nitrogen demand and 
its supply inside a stand of E. densa, that invertebrates living among waterweeds, 
especially shrimps, excrete a large quantity of nitrogen which could compensate 
for the short supply at the time when the productivity of E. densa is its highest. 
Summary 
1. Distribution of Egeria densa (PLANCH.) ST. JOHN, an invading species of 
macrophyte, in the south basin of the Lake Biwa was clarified, together with 
estimates of seasonal changes in standing crop and the production rate. 
2. Area of distribution and standing crop were estimated by means of aerial 
photos, diving observations, and quadrat sampling in certain localities of the 
water [body]. Submerged macrophytes occupied 327 ha, 82% (268 ha) by E. densa 
which occurred mostly along the western shore. Standing crop in summer was 620 tons 
dry weight, 93% (577 tons) of which was E. densa. 
3. Estimates of monthly production were obtained from February 1974 to January 
1975, by means of a production model proposed by Ikushima. As regards parameters 
needed, absorbancy [attenuance] of the lake water, water temperature and standing 
crop were measured in the field, whereas monthly photosynthesis, the rate of 
respiration and their relations to water temperature were experimentally studied 
in the laboratory. Data on weather and the day length were supplied by the Hikone 
Meteorological Station. 
4. Gross production of a dense stand reached the maximum of 600 g dry wt/m2/month 
in June and fell to ca. 100 g in winter, resulting in the annual production of 3.2 kg 
dry wt/m2. Net production also achieved the maximum of 400 g in June and was almost 
nil from autumn to winter, resulting in the annual value of 1 kg/m2. Washing-off and 
death occurred primarily from March to July, during which productivity was high. 
These were negligible in other months. The total amount thus lost in a year was 
almost equal to the net production. 
5. The annual gross production was 6,390 tons dry wt, 1,850 tons in carbon and 
220 tons in nitrogen [?]. Net production was 2,100 tons, 610 tons and 73 tons, 
respectively. 22% of the total of .1,000 tons nitrogen considered to be flowing into 
the south basin is supposed to pass through the plants of E. densa, indicating the 
the importance of this species in circulating materials in this water. 
6. Comparison was made with data on estimates of productivity of submerged 
macrophytes and phytoplankton in various parts of the world. 
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